Escherichia coli K-12 strain 285c contains a mutation in rpoD, the gene encoding the sigma subunit of RNA polymerase. The 70-kilodalton sigma polypeptide encoded by this allele is unstable, and this instability leads to temperature-sensitive growth. We describe the isolation and characterization of four temperature-resistant pseudorevertants of 285c that can grow at high temperature. Each of these revertants increased the stability of the r70 mutant protein. The map position of the suppressor mutations was close to that of the rpoH (htpR) gene. A multicopy plasmid containing the intact rpoH gene restored the temperature-sensitive phenotype. Marker rescue experiments established the positions of three of the alleles within the rpoH gene. One mutation has been sequenced and causes a leucine-to-tryptophan change 7 amino acids from the carboxyl terminus of the rpoH gene product.
The 70-kilodalton sigma subunit ((r70) of Escherichia coli RNA polymerase holoenzyme plays an essential role in regulating transcription initiation and maintaining cell growth (27) . Several mutations in rpoD, the E. coli gene that encodes 70, lead to a temperature-sensitive growth phenotype (Ts). We have shown that two such mutations, rpoD800 and rpoD285, are independent isolates of an identical 42-base-pair in-frame deletion in the middle of the rpoD gene (12) . The resultant mutant protein is unstable in vivo, and cell growth ceases within 30 min after the shift to high temperature, due to the loss of aF70 (9) . Ion mutations suppress the Ts growth phenotype of straihs carrying an rpoD800 or rpoD285 allele (9) . The introduction of a lon allele inactivates the lon protease system (7) and increases the stability of the rnutant sigma protein. The rpoD800 (rpoD285) lon double mutant grows at 41.5°C but not at 43.50C (9) .
The present report describes a new class of extragenic suppressors of the rpoD285 (rpoD800) mutation. These suppressors allowed cell growth at high temperature and increased the stability of mutant sigma. They mapped at 76 min on the E. coli chromosome hear the rpoH (htpR) gene. The rpoH (htpR) gene product is required for a normal heat-shock response (5, 17, 26) and is essential for the normal proteolytic capacity of the cell (2). The rpoH gene product is a 32-kilodalton sigma factor (32) that promotes transcription from heat-shock promoters (10) . We show that the suppressors described here map in rpoH.
MATERIALS AND METHODS
Bacteria. The E. coli K-12 strains used are listed in Table   1 .
Plasmids. Plasmids pFN92 and pFN97 are described by Neidhardt et al. (18) . Plasmid (15) .
Quantitation of sigma. The method for quantitating sigma has been previously described in detail (8, 9) . l3riefly, cells were labeled from 5 to 10 min after a shift to 42°C with 700 ,uCi of [3Hlleucine and 350 ,uCi of [3H]lysine per 5.0 ml of culture and then chased with 1 mg of cold leucine and lysine per ml. After labeling, 0.5-ml samples were removed at indicated times, and cells were pelleted. To allow for normalization, a sample of [35S]methionine-labeled cells was added to each sample before processing for two-dimensional gel analysis. Sigma was separated from other cell proteins by using the O'Farrell two-dimensional gel system as described previously (9) . The gel piece corresponding to sigma was cut, solubilized, and counted. Data are expressed as the fraction of initial radioactivity remaining in sigma at various times after the chase.
RESULTS
Strain 285c contains the rpoD285 allele and is unable to grow at temperatures above 40°C (11) . We isolated temperature-resistant (Tr) revertants by plating the mutant strain at 43.5°C on Luria broth plates (16) . Ion rpoD285 double mutants do not grow at 43.5°C and therefore did not appear under these selective conditions. Whereas the rpoD+ parental strain grows at 46°C, the revertants did not, indicating that they were pseudorevertants. This finding was to be expected since the original mutation is a deletion.
Revertants arose at a frequency of ca. 10-8. We arbitrarily chose four independent revertants for further analysis. The suppressor mutations present in the revertants were named sde (sigma defect expression)-107, sde-111, sde-112, and sde-113. These mutations are distinct from the previously isolated Ion suppressors of rpoD800 (9) , because they do not map in the lon gene (see below).
Stability of mutant sigma in the revertant strains. We had previously shown that one mechanism for the suppression of the Ts growth phenotype of cells containing mutant sigma was to increase the stability of the mutant polypeptide. We asked whether the new suppressors had a similar effect on the stability of the mutant sigma. The data in Fig. 1 show the rate of degradation of sigma in the original mutant strain and in the four revertants at 42°C. As expected, the mutant sigma in strain 285c was quite unstable (tj/2 = 6 min). Each of the suppressor strains showed substantial stabilization of the unstable sigma polypeptide (tj/2 = 35 min or greater). Thus, this new class of suppressors also works by decreasing the rate of degradation of mutant sigma at high temnperature.
Mapping the suppressors of rpoD285. Preliminary Hfr mapping experiments located sde-107 and sde-112 in a region around 75 min on the E. coli chromosome (data not shown). The rpoH gene, which maps in this region of the chromosome, is defined by the nonsense mutation rpoH165 (htpR165) carried in a strain with a Ts suppressor tRNA (5) . We recently showed that cells containing the partially suppressed rpoH165 nonsense mutation have a defect in proteolysis. A normally unstable 3-galactosidase nonsense fragment and the rpoD800 (rpoD285) gene product are stabilized (2). The map position and proteolysis phenotype of the sde mutations were similar to those described for the rpoH165 mutation. We therefore tested whether the new mutations were closely linked to a TnOO which is ca. 85% cotransducible with rpoH+ (see Fig. 2 ).
We grew P1 phage on the rpoH+ zhg::TnlO (CAG8055) strain and transduced the four sde strains to tetracycline resistance at 30°C. Transductants Table 2 . Again, the cotransduction frequencies of sde+ and the TnlO transposons were similar to those of rpoH+ and the TnJO transposons, suggesting that rpoH+ and sde+ were close together.
We used the Ts transductants described in Table 2 to determine whether restoration of the Ts growth phenotype also restored the instability of mutant sigma. The rate of degradation of mutant sigma in one Ts transductant from recipient strains PM111, PM112, and PM113 was analyzed. We found that each Ts transductant exhibited the same rapid rate of degradation of rpoD285-encoded sigma as that seen in the original 285c strain (data not shown). Thus, the degradation defect as well as the Tr phenotype mapped in this region of the chromosome.
Complementation analysis of the sigma suppressor strains. The plasmid pFN97 contains the entire rpoH+ gene (see Fig.  3 ) and part of the livJ gene. Neidhardt and colleagues have shown that this plasmid is capable of complementing the rpoH165 mutation (18) . If the sde mutations are defective alleles of rpoH, then the addition of the pFN97 plasmid should complement the sde mutations and restore the Ts phenotype. A derivative of pFN97, termed pFN92, contains all but the very C-terminus of rpoH (see Fig. 3 ). This plasmid does not complement the rpoH165 mutation (18) and should not affect the Tr phenotype of the sde strains. The Tr phenotype was lost when the sde mutants contained the rpoH+ plasmid pFN97 but not when they contained the rpoH plasmid pFN92. These data indicated that the sde mutations were alleles of rpoH.
Fine structure mapping of sde-107, sde-112, and sde-113. In the course of characterizing the sde alleles, we observed that rpoD+ transductants of sde-112 were more Ts than the original sde-112 rpoD285 double mutant, whereas the sde-107 and sde-113 alleles were incompatible with rpoD+. When strains carrying sde-107 or sde-113 were transduced to Tetr using a TnOO tightly linked to rpoD+ (13) , most of the Tetr colonies found at 30°C were very tiny and could not be propagated (A. Grossman et al., manuscript in preparation). The fact that the sde-107, sde-112, and sde-113 alleles were Ts or inviable in combination with rpoD+ provided us with a selection for sde+ recombinants and allowed us to use a Miller (16) . Transductants were selected at 30°C on Luria broth plates containing 15 .Lg of tetracycline per ml. Colonies were serially diluted, and 2 ,ul containing ca. 50 cells were plated at 30°C and 40.5°C on Luria broth plates containing 15 p.g of tetracycline per ml. Transductions of sde+ with ugpA704::TnlO and zhf-721::TnJO were performed as described by Calendar and Lindahl (4), using the P1 phage high transducing variant 607H (25) .
Transductants were selected at 30°C on Luria broth plates containing 15 jig of tetracycline per ml. Colonies were picked into 0.5 ml of Luria broth, replicated onto Luria broth plates containing 2% NaCI, and incubated at 43.5°C. Lack of growth was scored as Ts. The donor strains were, from top to bottom, CAG8055, SH1234, and SH200.
marker rescue technique to map these three mutations within the rpoH gene. We have been unable to map sde-III in this way because the rpoD+ sde-Ill strain does not have a strong conditional phenotype.
We transduced the TnlO linked to rpoD+ into sde strains that contained plasmids with various parts of the rpoH gene (see Fig. 3 ). If the sde mutation were located in the portion of the rpoH gene homologous to that contained in the plasmid, then an rpoD' rpoH' (sde+) cell could be generated by recombination. These cells will grow at 45°C, whereas the strains with the sde or rpoD285 mutations (or both) will not. Therefore, the existence of cells able to grow rpoH coding sequence at 45°C signified the marker rescue of the original sde mutation by sde+ DNA. Results of the marker rescue experiment are presented in Table 3 . The location of three mutations within rpoH is shown in Fig. 3 . We shall call the sde mutations rpoH107, rpoHIII, rpoH112, and rpoH113. We confirmed the map position of rpoH112 by using the subclones of the rpoH112 gene described above to transfer the rpoH112 mutation to the chromosome. Recombination experiments demonstrated that pAN5, carrying only the 3' end of the gene, contained the rpoHJ12 mutation. Tr recombinants occurred at a frequency of ca. 5 x 10-5 in strain 285c(pAN5). In strains 285c(pAN2) and 285c(pAN3), the frequency of Tr isolates was at least 100-fold lower and indistinguishable from the frequency of spontaneous Tr revertants. DNA sequence analysis of the rpoH112 mutation revealed an A:T-+C:G transversion near the end of the rpoH gene. It causes a leucine--tryptophan (TTG-*TGG) change 7 amino acids from the carboxyl end of the gene product. The nucleotide sequence of the wild-type rpoH gene has been previously determined by Landick et al. (14) . DISCUSSION We have isolated a new class of mutations which suppress the Ts growth phenotype of strains containing the rpoD285 mutant sigma allele. Transductional mapping, complementation analysis, and, in three cases, marker rescue experiments established that the suppressor mutations were all alleles of rpoH. These suppressors, like the previously described Ion suppressors, restore Tr growth by causing a defect in cellular proteolysis. This defect is not specific for the rpoD285 gene product. The lacZX90 gene product which is normally unstable is two-to threefold more stable in strains containing the rpoHJ12 allele (A. D. Grossman, unpublished data).
Although the reason for the proteolytic defect of these suppressors is unknown, the fact that rpoH encodes a sigma factor, &32 (10) , leads us to believe that the proteolytic defect arises from an altered transcription in the mutants. The mutant rpoH gene products could cause decreased expression of factors required for proteolysis or increased expression of inhibitors of proteolysis. Alternatively, the defect in proteolysis could result from a variety of small changes in gene expression which indirectly affect cellular proteases.
The model we currently favor postulates that transcription of one or more genes encoding proteolytic enzymes is initiated by the form of RNA polymerase holoenzyme containing cr32. The transcription of these genes would be decreased in the rpoH mutants due to reduced amounts or altered activity of the mutant &32 protein. If this were the case, we would expect that mutations in the structural genes for these proteases should also be suppressors of the Ts phenotype of the rpoD285 mutant. Using insertion mutagenesis, we have isolated three new classes of suppressors which restore Tr growth and decrease the rate of degradation of the mutant l70 (unpublished data). These mutations do not map to rpoH. It is possible that some of these insertions identify genes that are transcribed by o&2 holoenzyme.
At least one other rpoH mutation leads to a defect in protein degradation. The rpoH165 mutation is an amber mutation and must be maintained in a strain with a suppressor tRNA (5, 17, 26) . Inefficient suppression of the nonsense mutation results in a defect in proteolysis (2). Tobe et al. (22) have described the isolation of additional rpoH mutations which cause Ts growth. It is not known whether these mutations also cause a defect in proteolysis.
We have asked whether the rpoH alleles isolated here can support cell growth in the absence of c70 . The rpoD40 mutation is an amber mutation in the structural gene for o70.
In the presence of a Ts suppressor tRNA, cells containing this allele are Ts for growth because they lack cr70 at high temperature (20) . The mutant rpoH alleles described here do not suppress the Ts growth phenotype of these strains (Y.-N. Zhou, unpublished data). Thus, the mutant cr32 polypeptides do not replace o70 at high temperature.
Strains containing the rpoH mutations grow at both low and high temperature in the presence of the rpoD285 allele. However, the growth phenotypes are different in the presence of the wild-type rpoD+ allele. In combination with rpoD+, two of the rpoH mutants are inviable and one is Ts. These data suggest that wild-type a70 may effectively compete with mutant cr32 to prevent transcription of some essential genes.
In vivo data has established that rpoH is required for the transient overproduction of heat-shock proteins normally observed after a temperature upshift (17, 19, 22, 26) . In vitro data has established that the rpoH gene encodes a sigma factor which confers upon core RNA polymerase the ability to initiate transcription from heat-shock promoters (10) . At least two of the heat-shock genes, dnaK and groE, encode proteins which are essential for cell growth (19) . The altered growth properties of rpoD+ strains containing the mutant rpoH alleles might result from altered transcription of some of the heat-shock genes. If so, in vivo and in vitro analysis of transcription of heat-shock genes by the mutant proteins may lead to greater understanding of the mechanism of regulation of the heat shock response. Such an analysis is currently in progress.
